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Solid tumors are not simply clones of cancer cells. Instead, they are abnormal organs composed of multiple
cell types and extracellular matrix. Some aspects of tumor development resemble processes seen in devel-
oping organs, whereas others are more akin to tissue remodeling. Some microenvironments, particularly
those associated with tissue injury, are favorable for progression of mutant cells, whereas others restrict
it. Cancer cells can also instruct surrounding tissues to undergo changes that promote malignancy. Under-
standing the complex ways in which cancer cells interact with their surroundings, both locally in the tumor
organ and systemically in the body as a whole, has implications for effective cancer prevention and therapy.Cells and extracellular matrix (ECM) form tissues, and collections
of tissues join together in structural and functional units to
form organs. Different organs act together through blood and
lymphatic vessels to form the organism. Solid tumors are not
random mixtures of cells and ECM, but rather resemble organs,
although they are structurally and functionally abnormal. They
contain multiple cell types and extracellular matrix components
and develop through complex interactions between these
different components of the tissues using processes that often
resemble those used by developing organs. Tumors interact with
the rest of the organism, similarly to normal organs. However,
whereas normal organs have functions that support the survival
of the organism, the systemic effects of the tumor organ often are
what ultimately kill the patient. Thinking of tumors as organs may
allow us to better understand the processes that govern how
solid tumors develop and progress.
Stromal Components of the Tumor Organ
Organs are composed of the cells that perform the main organ
function (e.g., secrete hormones or enzymes) and the stroma
(from Latin or Greek, often translated as ‘‘mat’’ or ‘‘bed’’), the
supportive framework of an organ. The stroma can be divided
into several classes: the ECM, which is composed of proteogly-
cans, hyaluronic acid, and fibrous proteins (e.g., collagen, fibro-
nectin, and laminin), and stromal cells. The stromal cells include
mesenchymal supporting cells (e.g., fibroblasts and adipocytes),
cells of the vascular system, and cells of the immune system.
Various peptide factors (e.g., growth factors, chemokines, cyto-
kines, antibodies) and metabolites are also found in the stroma.
The stroma is essential for normal organ development (e.g.,
Cunha, 2008; Puri and Hebrok, 2010; Wiseman and Werb,
2002). Different components of the tumor stroma similarly influ-
ence the progression of the tumor (Table 1). As tumors develop
and progress, they undergo dramatic morphological changes
(Figure 1A) (Egeblad et al., 2008; Lin et al., 2003), which also
involves the stroma (Figures 1B–1D) (Egeblad et al., 2008;
Levental et al., 2009; Lin et al., 2006; Provenzano et al., 2006).884 Developmental Cell 18, June 15, 2010 ª2010 Elsevier Inc.The importance of stage-specific changes of the stroma is not
yet completely clear. However, in most cases the stroma of the
later stages is more supportive of tumor progression than the
stroma of early stages. Examples of stromal components that
have been proposed to have a more pronounced tumor-
promoting function in advanced stages than in earlier stages
are fibroblasts, type I collagen, and the immune cell infiltrate,
as described below.
Carcinoma-Associated Fibroblasts
Fibroblasts are mesenchymally derived cells present in the
stroma of most tissues. During tissue development they or their
progenitors are involved in epithelial-mesenchymal crosstalk,
helping to shape organs. In adult animals, their major function
is to deposit and turnover ECM, and they are activated by tissue
injury. In tumors, activated fibroblasts that express smooth
muscle actin are referred to as myofibroblasts and are a major
population of carcinoma-associated fibroblasts (CAFs; Kalluri
and Zeisberg, 2006). CAFs share characteristics with embryonic
fibroblasts or mesenchymal progenitors (Schor et al., 2003).
CAFs stimulate cancer cell growth, inflammation, angiogenesis,
and invasion (Gaggioli et al., 2007; Kalluri and Zeisberg, 2006;
Pietras et al., 2008). They can even promote tumor formation by
immortalized, but otherwise nontumorigenic, prostate epithelial
cells (Olumi et al., 1999). In hyperplasia, fibroblasts may exert
a tumor-inhibiting effect (Kalluri and Zeisberg, 2006; Kuper-
wasser et al., 2004). As the cancer cells begin to expand,
they likely produce factors that activate and recruit CAFs
(Figure 2A). Thus, normal fibroblasts do not promote experi-
mental tumor take or initiation to the same extent as CAFs
or fibroblasts that overexpress transforming growth factor-
b (TGF-b), a factor involved in activation of fibroblasts, or hepato-
cyte growth factor (HGF), a factor secreted from activated
fibroblasts (Kalluri and Zeisberg, 2006; Kuperwasser et al.,
2004; Olumi et al., 1999). Although controversial, CAFs may
become activated as a result of genetic alterations. Indeed, abla-
tion of the tumor suppressor Pten in mammary stromal fibro-
blasts in mice results in increased fibrillar collagen, angiogenesis,
Table 1. Noncancerous Cells of the Tumor Organ
Cell Type Effect on Tumors References
Normal epithelial cells inhibit Dong-Le Bourhis et al., 1997
Myoepithelial cells inhibit (invasion, growth) Gudjonsson et al., 2002; Hu et al., 2008
Fibroblasts promote (proliferation, angiogenesis, invasion) Bhowmick et al., 2004; Olumi et al., 1999;
Orimo et al., 2005
Mesenchymal stem cells promote (metastasis) Karnoub et al., 2007
Adipocytes promote (tumor growth, survival, angiogenesis) Iyengar et al., 2005; Landskroner-Eiger
et al., 2009
Endothelial cells promote (angiogenesis, niche?) Ausprunk and Folkman, 1977;
Calabrese et al., 2007
Perivascular cells promote (vascularization) Song et al., 2005
inhibit (metastasis) Xian et al., 2006
Bone marrow-derived cells promote (proliferation, invasion, angiogenesis) Coussens et al., 2000; Du et al., 2008;
Lyden et al., 2001
Dendritic cells inhibit (stimulate antitumor immunity) Knight et al., 1985; Mayordomo et al., 1995
Myeloid-derived suppressor cells
and immature myeloid cells
promote (angiogenesis, metastasis,
reduce antitumor immunity)
De Palma et al., 2005; Sinha et al., 2007;
Yang et al., 2004, 2008b
Macrophages, M1-like inhibit Sinha et al., 2005
Macrophages, M2-like promote (invasion, angiogenesis) DeNardo et al., 2009; Lin et al., 2001, 2006
Mast cells promote (angiogenesis) Coussens et al., 1999; Soucek et al., 2007;
Yang et al., 2008a
Neutrophils, N1 inhibit (stimulate antitumor immunity) Fridlender et al., 2009
Neutrophils, N2 promote (angiogenesis, reduce
antitumor immunity)
Nozawa et al., 2006; Schmielau and Finn, 2001;
Shojaei et al., 2008
T cells, CD4+, T helper 2 promote (metastasis) DeNardo et al., 2009
T cells, CD8+, cytotoxic inhibit (tumoricidal) Romero et al., 1998
T cells, CD4+CD25+ regulatory promote (reduce antitumor immunity) Casares et al., 2003; Curiel et al., 2004
T cells, gamma/delta inhibit (stimulate antitumor immunity) Girardi et al., 2001
T cells, Th17 promote (proliferation, angiogenesis) Numasaki et al., 2005
inhibit (stimulate T-cell antitumor immunity) Hirahara et al., 2001
B cells promote (reduce antitumor immunity) Inoue et al., 2006
B cells, immunoglobulins promote (stimulate inflammation-associated
progression)
Andreu et al., 2010
Platelets promote (metastasis) Camerer et al., 2004; Nieswandt et al., 1999
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tumors (Trimboli et al., 2009). Communication between fibro-
blasts and cancer cells often involves other cell types: cancer
cell-secreted platelet-derived growth factor (PDGF) can recruit
macrophages, which then produce TGF-b that, in turn, induces
development of reactive fibroblasts (Elenbaas and Weinberg,
2001). CAFs also promote tumor progression through communi-
cations with pericytes and endothelial cells that are mediated
by secretion of growth factors and chemokines [e.g., CXCL12/
SDF-1 and fibroblast growth factor-2 (FGF-2)] (Orimo et al.,
2005; Pietras et al., 2008).
Many so-called fibroblasts may actually be preadipocytes,
which also can affect cancer progression. Adipocytes secrete
endocrine factors termed adipokines, such as adiponectin,
which is proangiogenic (Landskroner-Eiger et al., 2009). Adipo-
cytes can also stimulate tumor growth by secretion of the ECM
protein type VI collagen, which binds to its receptor NG2 on
cancer cells, leading to activation of Akt and b-catenin and stabi-
lization of cyclin D1 (Iyengar et al., 2005).Extracellular Matrix and Tissue Stiffness
in the Regulation of Malignancy
Fibroblasts activated by the tumor microenvironment are largely
responsible for tumor-associated changes in the ECM (Elenbaas
and Weinberg, 2001; Kalluri and Zeisberg, 2006). These changes
include upregulated ECM synthesis, posttranslational modifica-
tions of ECM, and extensive remodeling of ECM proteins by
proteinases, e.g., matrix metalloproteinases (MMPs) (Figure 2A)
(Egeblad and Werb, 2002; Kalluri and Zeisberg, 2006; Kessen-
brock et al., 2010). The altered ECM then influences tumor
progression by architectural and signaling interactions.
The basal surface of epithelial cells is attached to a specialized
ECM, the basement membrane, composed of laminins, type IV
collagen, entactin/nidogen, and proteoglycans (reviewed in Xu
et al., 2009). This basement membrane is breached when epithe-
lial tumors proceed to invasive malignancy. In the mammary
gland, myoepithelial cells produce the basement membrane in
collaboration with stromal cells. They are regulators of normal
mammary gland development due to their effects on luminalDevelopmental Cell 18, June 15, 2010 ª2010 Elsevier Inc. 885
Figure 1. Changes in Stromal Organization during Tumor Progression
(A) Changes in overall tissue composition with tumor stages in the MMTV-PyMT mouse mammary carcinoma model. Hematoxylin- and eosin-stained sections
(H&E). With tumor progression, the architecture of the carcinoma cells bears less and less resemblance to the architecture of the tissue from which it was derived.
The stromal tissue also changes, for example, from a tissue dominated by adipocytes to one dominated by extracellular matrix, fibroblasts, and immune cells
(adapted from Egeblad et al., 2008; Lin et al., 2003). Scale bar: 50 mm.
(B) Changes in extracellular matrix. Fibrillar collagens are stained with picrosirius red, shown as the birefringent stain under polarized light (arrows); counter-
stained with hematoxylin. With tumor progression, fibrillar collagen accumulates at the invasive edge of the tumor and surrounding nests of cancer cells (adapted
from Levental et al., 2009; Provenzano et al., 2006). Space bar: 50 mm.
(C) With increasing tumor stage, the tumor vasculature becomes increasingly abnormal, e.g., with dilated vessels. The vasculature is labeled by intravenous injec-
tion of FITC-tomato lectin, green (arrows). Nuclei stained with propidium iodide are shown in red (adapted from Lin et al., 2006). (Scale bar: 100 mm.)
(D) Leukocyte infiltration increases with tumor progression. Immune cells are labeled with antibodies against the common leukocyte marker CD45, green (arrows).
Nuclei stained with propidium iodide are shown in blue (adapted from Egeblad et al., 2008). Scale bar: 100 mm.
886 Developmental Cell 18, June 15, 2010 ª2010 Elsevier Inc.
Developmental Cell
Review
Figure 2. Interactions between Cancer Cells and Stromal Components Influence Tumor Growth and Progression
(A) Interactions with mesenchymal cells. In hyperplastic tissues, normal epithelium and fibroblasts may exert a tumor-inhibiting effect. As cancer cells begin to
expand, they also produce factors that activate myofibroblasts and recruit carcinoma-associated fibroblasts. These mesenchymal cell types, as well as adipo-
cytes, are responsible for many of the tumor-associated changes in the extracellular matrix (ECM).
(B) Recruitment of cells of the innate and adaptive immune compartment to a carcinoma. The immune cells are found both in the stroma at the invading edge of
the carcinoma and infiltrating the tumor. Inflammatory cells, including neutrophils and macrophages, are frequently the first immune cells recruited to the tumor,
and may be either tumor-promoting or tumor-inhibiting depending on their polarization. Another inflammatory cell type, the mast cell, is also recruited early and
promotes tumor progression by releasing proteases that activate angiogenesis. Dendritic cells are primarily tumor-inhibiting as they support immunosurveillance
and release signals that activate cytotoxic T cells. In contrast, myeloid-derived suppressor cells function to inhibit T-cell activation. Natural killer cells and different
types of T cells may have either pro- or antitumor functions, depending on their mode of activation. Immunoglobulins released by B cells promote tumor growth by
initiating the inflammatory response.
(C) Formation of metastases. At sites of vascular leakage, fibronectin is deposited and vascular endothelial growth factor receptor 1 (VEGFR1)-positive bone
marrow-derived cells exit the circulation where they promote the establishment of the future metastases. They are involved in angiogenesis at the metastatic
site through secretion of VEGF and degradation of the ECM by the release of MMP9. Circulating cancer cells reach the premetastatic site, sometimes covered
by activated platelets, which protect them while they are in blood vessels and facilitate adhesion to the endothelial wall at the secondary site.
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pithelial cells have tumor suppressor activity, which is progres-
sively lost during the in situ-to-invasive carcinoma transition
(Gudjonsson et al., 2002; Hu et al., 2008 and references therein).
In vitro assays suggest that the tumor suppressor activity of
myoepithelial cells is lost as they lose the ability to synthesize
laminin-111 (Gudjonsson et al., 2002). Myoepithelial cells may
also have negative effects on tumor progression via regulation
of protease activation (Hu et al., 2008).
The interstitial matrix is the other major category of ECM and
consists of macromolecules such as fibrillar collagens, fibro-
nectin, and proteoglycans. It provides strength and structure to
the tissue, but also binds growth factors and cytokines. The
synthesis and remodeling of the fibrillar type I collagen increases
in tumors and is required for angiogenesis (reviewed in Erler and
Weaver, 2009). The architecture of type I collagen also changes.
Whereas collagen fibers are curly and oriented in parallel to
normal or hyperplastic epithelium, there is a progressive change
in the fibers so that they are straighter and mostly perpendicular
to the tumor border in the late stages (Levental et al., 2009;
Provenzano et al., 2006). This changed architecture may
promote cell invasion by enabling cells to migrate along the
collagen fibers or by enhancing integrin signaling (Condeelis
and Pollard, 2006; Levental et al., 2009).
Several ECM proteins expressed embryonically during organ
development are re-expressed during tumor progression. Tenas-
cin-C is a major constituent of the ECM surrounding angiogenic
blood vessels, and can increase endothelial cell migration, prolif-
eration, sprouting, and elongation (reviewed in Jones, 2001). Itsexpression at the invasion border predicts recurrence. An
alternatively spliced version of fibronectin, which is normally
expressed only during embryonic development (Schor et al.,
2003), is expressed in tumors and facilitates angiogenesis
(Avraamides et al., 2008).
The major ECM receptors, the integrins, mediate many of the
effects of tumor-associated ECM on the cancer cells. Indeed,
blocking b1 integrins blunts the malignant phenotype in culture
and in vivo (Weaver et al., 1997), whereas ectopic expression
of activated b1 integrin mutants compromises multicellular
tissue morphogenesis and promotes tumorigenic behavior
(reviewed in Erler and Weaver, 2009). In addition to direct
signaling through receptors, the ECM also regulates signaling
indirectly by sequestering growth factors and cytokines (e.g.,
FGF-2 and TGF-b), which are released by cleavage of the ECM
molecules by proteinases (Egeblad and Werb, 2002). Cleavage
of type I collagen or laminin-332 by MMPs also generates
tumor-promoting fragments that stimulate cellular migration or
survival (Giannelli et al., 1997; Montgomery et al., 1994). In
contrast, fragments with antiangiogenic, and thus tumor-inhibit-
ing, activity are generated from type XVIII and type IV collagens
(Kalluri, 2003).
As a result of the changes in the ECM, tumors are often stiffer
than normal tissues and stand apart from the surrounding tissue
as hard nodules. The relative stiffness of a tissue can have
profound effects on cellular function. Mammary epithelial cells
cultured in compliant collagen matrices form polarized acini
and differentiate when exposed to lactogenic hormones, but,
as the collagen matrix is progressively stiffened, they transitionDevelopmental Cell 18, June 15, 2010 ª2010 Elsevier Inc. 887
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Hoff et al., 1989). When rigidity approaches that of tumors, the
nonmalignant epithelial cells disorganize and invade (Paszek
et al., 2005). ECM stiffening due to collagen crosslinking cooper-
ates with oncogenes to promote invasive behavior. In vitro, sus-
tained activation of the oncogene ErbB2 alone is insufficient to
drive invasion of mammary epithelial cells, but promotes invasive
growth in crosslinked, stiffened collagen. In vivo, reducing
collagen crosslinking results in lower tumor incidence in a mouse
model of mammary carcinoma (Levental et al., 2009).
Clinical data support a role for ECM molecules in cancer
progression: Hierarchical clustering of the expression profile of
278 ECM-related genes in invasive breast carcinomas shows
that favorable outcome is associated with overexpression of
proteinase inhibitors, and poor prognosis is associated with
high expression of integrins and metalloproteinases and low
expression of several laminins (Bergamaschi et al., 2008).
Tumor Vasculature and Lymphatics
Recruiting vasculature is a critical step in the development and
differentiation of organs (Puri and Hebrok, 2010; Yamamoto
et al., 2007). To ensure growth, tumors also recruit blood vessels
in a process termed the angiogenic switch, which can occur at
different tumor progression stages (reviewed in Bergers and
Benjamin, 2003). This process often involves angiogenic sprout-
ing with the recruitment of perivascular cells (Bergers and
Benjamin, 2003; Song et al., 2005). However, some tumors
may rely more on vasculogenesis, the recruitment of bone
marrow-derived endothelial precursor cells (Lyden et al., 2001).
The VEGF family members and FGF-2 are important in the
regulation of the angiogenic response (Bergers and Benjamin,
2003). Although proangiogenic factors can be secreted by
cancer cells, an important source is the tumor-infiltrating
myeloid-derived cells, which are recruited to tumors by factors,
e.g., CXCL12 or VEGF, secreted by hypoxic cancer cells (Du
et al., 2008; Murdoch et al., 2008).
Tumor vessel density is not necessarily an indicator of tumor
malignancy. For example, astrocytomas do not require neovas-
cularization, but rather co-opt existing blood vessels by growing
invasively along them (Bergers and Benjamin, 2003; Holash
et al., 1999). Pancreatic adenocarcinomas also have a very low
vessel density, but are aggressive (Olive et al., 2009). Yet some
tumors, such as grade I pilocytic brain tumors, are slow growing
and do not metastasize even though they are highly angiogenic
(Bergers and Benjamin, 2003).
In contrast to the normal vasculature, tumor blood vessels are
irregular, dilated, and can have dead ends. Furthermore, peri-
vascular cells in tumors are loosely associated with endothelial
cells (reviewed in Bergers and Benjamin, 2003). These changes
result in abnormal blood flow and leaky blood vessels with
extravasation of excess fluid and proteins from the capillaries.
The excess fluid proteins are taken up by lymphatic vessels
that transport these components back to the blood circulation.
The lymphatic vessels also transport antigen-presenting cells
to lymph nodes (reviewed in Tammela and Alitalo, 2010). Cancer
cells too use lymphatic vessels to traffic to lymph nodes, and
there is a positive correlation between the density of tumor
lymphatic vessels and lymphatic metastases in some human
cancers (Tammela and Alitalo, 2010). The VEGF family members
VEGF-C and -D play major roles in tumor lymphangiogenesis888 Developmental Cell 18, June 15, 2010 ª2010 Elsevier Inc.and promote metastasis to lymph nodes (Skobe et al., 2001;
Stacker et al., 2001). FGF-2, IGFs, and PDGF-B induce lymphan-
giogenesis in various contexts, but these effects may be
secondary to the induction of VEGF-C and VEGF-D in inflamma-
tory cells and fibroblasts (reviewed in Tammela and Alitalo,
2010). Targeting tumor lymphangiogenesis to inhibit lymphatic
metastasis is complicated because destruction of lymphatic
vessels also elevates the interstitial fluid pressure inside the
tumors, thereby impairing the delivery of drugs to the cancer
cells.
Inflammatory Response to Cancer
Inflammatory cells are components of the microenvironment of
normal tissues and organs, regulating various processes during
development, including epithelial growth and branching and
clearance of apoptotic cells (reviewed in Pollard, 2009). They
also play significant roles in the initiation and progression of
cancer (Figure 2B). There is a progressive change in the compo-
sition of the immune cell infiltrate with tumor stage to one that
is more conducive to tumor progression (e.g., Andreu et al.,
2010; Coussens et al., 1999; DeNardo et al., 2009). Interactions
between cancer cells and cells of the innate and adaptive immune
system occur in the tumor organ and illustrate the complexity and
dynamics of the tumor tissue (Figure 3; see Movies S1 and S2
available online).
Chronic inflammatory responses and infections are associ-
ated with many cancers, including liver and pancreatic cancer
after alcohol abuse, mesothelioma caused by asbestos expo-
sure, colon cancer associated with inflammatory bowel disease,
gastric carcinoma after Helicobacter pylori infection, liver cancer
caused by chronic viral hepatitis, cervical cancer after infection
with human papilloma virus (HPV), and Burkitt’s lymphoma
after infection with Epstein–Barr Virus (EBV; reviewed in Lin
and Karin, 2007). Though chronic inflammation predisposes to
cancer, long-term use of nonsteroidal anti-inflammatory agents
may protect against various tumors (Dannenberg and Subbara-
maiah, 2003). Inflammation likely facilitates neoplasia rather than
directly causing it. Nevertheless, reactive oxygen and nitrogen
intermediates secreted by inflammatory cells can damage DNA,
and the frequency of random mutations is higher in inflamed than
in normal tissues (reviewed in Colotta et al., 2009).
How does inflammation facilitate cancer progression? Both
innate and acquired immune cells can be critical players. An
immune cell infiltrate is present in most, if not all, tumors
including those without an inflammatory basis (e.g., Figure 1D).
This suggests that the genetic events that cause the cancers
also result in an immune response. Indeed, instigation of inflam-
mation has been reported after activation of RET, Ras, and Myc,
all common oncogenes in human cancer (Borrello et al., 2005;
Soucek et al., 2007; Sparmann and Bar-Sagi, 2004). These
data suggest that an important consequence of oncogene acti-
vation is to hijack the inflammation-based programs for tissue
remodeling and regeneration.
Effects of Myeloid-Derived Cells on Cancer Initiation
and Progression
Innate immune cells are largely responsible for inflammatory
reactions. These cells include various myeloid-derived cells
(e.g., macrophages, neutrophils, and mast cells) (Figure 2B).
Though they are the first defense against foreign pathogens,
they also facilitate tissue development and repair. In tumors,
Figure 3. Dynamics of the Interactions between Cancer Cells and Stromal Components in Tumor Tissue
(A) Dynamics of different subtypes of myeloid cells revealed by four-color time-lapse series of the same lesion of an MMTV-PyMT;ACTB-ECFP;c-fms-EGFP
mouse coinjected with fluorescent 70-kD dextran and anti-Gr1 antibodies intravenously. Dextran (yellow) first labels the blood vessels (0–6 hr postinjection),
but leaks out of the vessels over time and is taken up by M2-like macrophages (3–12 hr). The anti-Gr1 antibody labels Gr1+ myeloid cells, including neutrophils,
myeloid-derived suppressor cells, and monocytes (red, arrow heads). Insets show higher magnifications of blood vessels without the dextran channel for iden-
tification of Gr1+ myeloid cells at early time points. All myeloid cells are green and cancer cells are blue (adapted from Egeblad et al., 2008; see also Movie S1).
Scale bar: 100 mm.
(B) Examples of low-migratory (white outline) and high-migratory (pink outline) CXCR6+ T cells (green) in proximity to the tumor vasculature (red) in a live MMTV-
PyMT;ACTB-ECFP;CXCR6EGFP mouse injected with fluorescent dextran (red). Cancer cells are blue (adapted from Egeblad et al., 2008; see also Movie S2 for
time-lapse recordings of the entire field). Scale bar: 50 mm.
(C) Effects of acute hypoxia on T-cell migration. CXCR6+ T cells (green) cease migration following acute systemic hypoxia in a live MMTV-PyMT;ACTB-ECFP;
CXCR6EGFP mouse. Cancer cells are blue. The same 15 cells were tracked during 20 min of normoxia (21% inhaled oxygen), 20 min of systemic acute hypoxia
(7% inhaled oxygen), and 20 min of re-established normoxia in the same field (tracking marks are white; adapted from Egeblad et al., 2008; see also Movie S3).
Scale bar: 100 mm.
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the cancer cells, but they also regulate angiogenesis and
metastatic spread. Tumor-associated myeloid cells are very
heterogeneous, behaving differently and likely having different
functions at the invading edge, along blood vessels and in
hypoxic regions of tumors (Figure 3A; Movie S1) (Egeblad
et al., 2008; Lewis and Pollard, 2006; Wyckoff et al., 2007).
Macrophages originate from monocytes and have potent roles
in the normal development of several organs, including bone and
mammary gland (Pollard, 2009). They are also critically involved
in regulating angiogenesis in wound healing (Pollard, 2009).
The main activation states of macrophages are often referred
to as M1 (classical) and M2 (alternative) (Mantovani et al.,
2008b). Monocytes are polarized to M1 macrophages by cyto-
kines secreted from T helper 1 (TH1) cells [including IFN-g,
TNF-a, and granulocyte-monocyte-colony stimulating factor
(GM-CSF)] or by microbial products. M1 macrophages produce
reactive oxygen and nitrogen intermediates and inflammatory
cytokines, and they have cytotoxic activity against intracellular
parasites and cancer cells (Mantovani et al., 2008b). TH1/M1-
dominated inflammatory diseases, such as psoriasis, do not
appear to promote cancers, and this is likely because M1 macro-
phages have antitumor activity (Mantovani et al., 2008a).
Monocytes exposed to cytokines secreted from T helper 2
(TH2) cells (including IL-4 and IL-13) become polarized toward
the M2 macrophage phenotype. M2 macrophages promote
killing of parasites and tissue remodeling (Mantovani et al.,
2008b). Tumor-associated macrophages (TAMs) mostly resem-
ble M2 macrophages because M2 polarizing cytokines are
common in tumors. However, it is clear that TAMs have proper-
ties that do not fit in a rigid classification of M1 and M2 macro-
phages (Pollard, 2009). Accumulation of TAMs is associated
with poor prognosis as they promote tumor growth, invasion,
metastasis, and angiogenesis by releasing cytokines, growth
factors, ECM-degrading enzymes, and angiogenic factors, but
also suppress cytotoxic T-cell activity (Colotta et al., 2009;
Condeelis and Pollard, 2006; Murdoch et al., 2008; Pollard,
2009). EGF or RANKL (receptor activator of NF-kB ligand)
secreted by tumors constitute major mechanisms by which
TAMs stimulate tumor dissemination (Condeelis and Pollard,
2006; DeNardo et al., 2009; Luo et al., 2007). Inhibition of polar-
ization of monocytes to M2-like macrophages through inhibition
of NF-kB signaling, results in an M1-like phenotype and reduced
tumor growth (Hagemann et al., 2008).
Neutrophils are short-lived and have antimicrobial functions.
Similar to macrophages, tumor-associated neutrophils can be
divided into N1 and N2 phenotypes that inhibit or promote
cancer development, respectively. TGF-b polarizes neutrophils
to an N2 protumor phenotype, whereas inhibition of TGF-b
results in a shift to the N1 phenotype (Fridlender et al., 2009).
N1 neutrophils increase the activation status of cytotoxic CD8+
T cells and possibly dendritic cells (Fridlender et al., 2009 and
references therein). In contrast, N2 neutrophils promote cancer
by producing angiogenic factors and ECM-degrading enzymes
(Nozawa et al., 2006; Shojaei et al., 2008) and by suppressing
the antitumor immune response (Schmielau and Finn, 2001).
Myeloid-derived suppressor cells (MDSCs) are a poorly
defined group of cells that have properties in common with
both the macrophage and neutrophil lineages. With increased890 Developmental Cell 18, June 15, 2010 ª2010 Elsevier Inc.tumor burden, MDSCs accumulate in bone marrow, spleen,
and peripheral blood, and at the invasive tumor front (Gabrilovich
and Nagaraj, 2009; Yang et al., 2008b). Among their reported
functions, MDSCs inhibit natural killer cells, B cells, dendritic
cells, and cytotoxic T cells, induce regulatory T cells (TRegs),
promote angiogenesis, and promote cancer cell invasion and
metastasis, likely via MMP activity (Colotta et al., 2009; Gabrilo-
vich and Nagaraj, 2009; Yang et al., 2004, 2008b). Other, over-
lapping myeloid cell populations with roles in cancer include
CCR1+ myeloid cells, which promote tumor invasion (Kitamura
et al., 2007), VEGFR1+ cells that are found at metastatic sites
(Kaplan et al., 2005), and Tie2 receptor-expressing monocytes
(TEMs) that have a major role in tumor angiogenesis (De Palma
et al., 2005).
Mast cells infiltrate hyperplasias and invasive fronts of carci-
nomas, where they degranulate close to capillaries, releasing
mast cell-specific proteinases, which can stimulate fibroblast
proliferation and induce angiogenesis via MMP9 activation
(Coussens et al., 1999). An intriguing example of collaboration
between mutations in stromal and cancer cells involves mast
cells. Individuals with germline mutations in the NF1 gene
develop neurofibromas that are driven by biallelic loss of NF1
in Schwann cells due to loss of heterozygosity, but also require
infiltration by nonneoplastic NF1 haploinsufficient mast cells for
tumor initiation (Yang et al., 2008a).
The transcription factor NF-kB is a key mediator of inflamma-
tion that is important in both inflammatory and cancer cells
(Karin, 2006). NF-kB is activated by the Toll-like receptor
(TLR)-MyD88 pathway that senses microbes and tissue damage,
by the inflammatory cytokines TNF-a and IL-1b, and by hypoxia.
In asbestos-induced mesothelioma, macrophages phagocytose
asbestos and then release TNF-a, which promotes the survival of
asbestos-damaged, transformation-susceptible mesothelial
cells through NF-kB-dependent antiapoptotic signaling (Yang
et al., 2006). Activation of NF-kB promotes cancer in a mouse
model of colon cancer initiated by a chemical carcinogen. NF-kB
acts both within enterocytes by suppressing apoptosis and
within myeloid cells by stimulating proinflammatory cytokines,
which influence tumor growth (Greten et al., 2004). However,
decreasing NF-kB activity can also promote cancer. In a model
of carcinogen-induced liver cancer, decreased NF-kB activity
in hepatocytes results in increased cell death, providing a stim-
ulus that leads to production of proinflammatory cytokines by
resident macrophages (Kupffer cells). These cytokines stimulate
compensatory proliferation of the surviving hepatocytes, some
of which will have carcinogen-induced mutations with the poten-
tial to generate transformed progeny (Maeda et al., 2005).
Effects of Adaptive Immune Cells on Cancer
Whereas the cells of the innate immune compartment are
primarily tumor-promoting, the adaptive immune compartment
(B and T cells) can be tumor-suppressing. These cells carry out
tumor immune surveillance, eliminate early-stage tumors, and
keep initiated cancer cells in check (Dunn et al., 2004; Mantovani
et al., 2008a). Indeed, T-cell depletion as late as 200 days
after carcinogen treatment leads to tumor development in
mice that until then have been tumor-free (Koebel et al., 2007).
Furthermore, patients with chronic suppression of the adaptive
immune compartment (e.g., patients with AIDS or organ trans-
plants) have an increased risk of developing virus-associated
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sarcoma, EBV-associated non-Hodgkin lymphoma, and HPV-
associated squamous cell carcinoma (reviewed in de Visser
et al., 2006). The mounting of a tumor antigen-specific cytotoxic
T-cell response is also important for an efficient response to
chemotherapy and radiation therapy: a high-mobility group
box-1 protein that is released by dying cancer cells after therapy
interacts with TLR4 on dendritic cells, resulting in efficient cyto-
toxic T-cell activation (Apetoh et al., 2007).
Though the role of the adaptive immune compartment in sup-
pressing cancer is well established, there is also evidence that it
plays a role in promoting cancer. Immune-suppressed patients
have diminished risk for non–virus-associated solid tumors of
epithelial origin, including breast and prostate cancer (reviewed
in de Visser et al., 2006). Furthermore, B cells initiate the chronic
inflammatory response that is necessary for the development of
epithelial hyperplasia in a mouse model of skin cancer, through
deposition of autoantibodies (Andreu et al., 2010). TH2 cells are
also tumor-promoting, as their cytokines polarize tumor-associ-
ated macrophages to the M2 type, which in turn promote inva-
sive behavior of breast cancer cells (DeNardo et al., 2009).
CD4+CD25+ TRegs are a special class of immune suppressive
T helper cells that can inhibit the activity of a variety of immune
cells. They accumulate in tumors and directly suppress anti-
tumor immunity of CD8+ cytotoxic T cells via secretion of IL-10
and TGF-b (Yu et al., 2005). Depletion of TRegs enhances anti-
tumor T-cell responses and induces regression of experimental
tumors (reviewed in de Visser et al., 2006).
Organization of Tumors
During tumor progression, the organization of tumors evolves,
and the tumor organ acquires an architecture that resembles
earlier or less differentiated states in normal tissues. Though
tumors are quite different from normal quiescent tissues, the
multilayered epithelium with poor polarity seen in early mammary
tumors resembles the actively proliferating and invading epithe-
lium of the terminal end buds of the developing mammary gland
(Ewald et al., 2008). The transcription factor GATA3 maintains
epithelial differentiation, organization, and survival in the devel-
oping and adult mammary gland. It has similar roles in early
breast carcinoma (Kouros-Mehr et al., 2008 and references
therein). However, as the carcinomas transition to later, less
differentiated stages, there is a selection for GATA3-negative,
progenitor-like cells. Remarkably, reintroducing GATA3 expres-
sion in such late-stage cancer cells, leads to acquisition of more
differentiated and less metastatic tumors that reacquire aspects
of tissue organization resembling the adult mammary gland
(Kouros-Mehr et al., 2008).
The different components of the tumor organ are not randomly
distributed within tumors. ECM deposition and leukocyte infiltra-
tion are for example often very pronounced at the tumor-stroma
border (Figures 1B and 1C). Indeed, pathologists identify and
categorize neoplasias not only by the morphology of the cancer
cells but also by criteria that include the organization of the
tissues: excess epithelial proliferation in the context of largely
normal tissue organization usually represents benign lesions
(Muthuswamy, 2009). In addition, CD8+ T cells within cancer
cell nests predict a better survival for colorectal cancer patients
than for those with T cells only at the tumor margins (Naito et al.,1998). T cells are dependent on normal oxygen levels for migra-
tion in the tumor tissue (Figure 3C; Movie S3) (Egeblad et al.,
2008), suggesting that hypoxia indirectly regulates antitumor
immunity by restricting T-cell access.
Tumor-Promoting Microenvironments
In normal tissues, the stem and progenitor cells that give rise to
the organ reside in specific environments called stem cell niches.
Stem cell niches are defined as sites where stem cells are sus-
tained and self-renew, and where differentiation is inhibited.
Supporting cells (e.g., cap cells in theDrosophilaovary and endo-
thelial cells in the brain), ECM, and signaling molecules constitute
classical stem cell niches (Sato et al., 2009; Scadden, 2006).
Tumors also have specialized microenvironments or niches
that confer distinct functions to the cancer cells. It is therefore
likely that cancer cell niches also involve interactions with the
ECM and supporting cells. Indeed, the mechanisms defining
stem cell and cancer cell niches are likely shared, because
many genes (e.g., c-Myc, and members of the TGF-b, Hedgehog,
and Wnt signaling pathways) involved in regulation of classical
stem cell niches also play a role in cancer (reviewed in Iwasaki
and Suda, 2009). It is not clear how these microenvironments
that support cancer cell renewal would arise. The niches may
drive cancer cell progression, or the cancer cells may hijack
stem cell niches or generate signals that instruct the development
of new niches. Indeed, leukemic cancer cells residing in the bone
marrow can induce the formation of new niches for normal CD34+
hematopoietic stem cell engraftment in the tumor microenviron-
ment (Colmone et al., 2008).
The best examples suggesting that stem cell-like niches
stimulate development of epithelial tumors come from gastroin-
testinal tumors. Wnt signaling is required for self-renewal of
intestinal stem cells. Activation of the Wnt pathway by inactivat-
ing mutations in the APC gene, a signaling molecule that inhibits
Wnt signaling, drives both familial and sporadic colorectal
cancers (reviewed in Miller et al., 2005). Interestingly, germline
mutations in SMAD4, a molecule downstream of TGF-b sig-
naling, increase proliferation of stromal cells, resulting in forma-
tion of gastrointestinal polyps and ultimately epithelial cancer
(Howe et al., 1998). In these tumors, the stromal cells contain
genetic alterations, suggesting that the epithelial cancer is
caused by amplification of the normal microenvironment (Kinzler
and Vogelstein, 1998). Similarly, deletion of the TGF-b receptor in
stromal cells results in gastrointestinal epithelial malignancies in
mice (Bhowmick et al., 2004).
The tumor microenvironment resembles stem cell niches in
terms of its functions. For example, antagonists of the bone
morphogenic proteins (BMPs), which are members of the TGF-b
superfamily, may be involved in defining such niches for cancer
cells. The BMP inhibitor, noggin, maintains the intestinal stem
cell population (Sato et al., 2009). Another BMP inhibitor, Gremlin
1, an antagonist of BMPs that maintains the progenitor cell niche
in normal skin, is expressed in stromal cells of human breast,
lung, pancreas, colon, and prostate carcinomas (Sneddon
et al., 2006).
ECM components may provide an environment that supports
the proliferation of cancer cells: hyaluronic acid, type I collagen,
and Matrigel (which contains basement membrane constituents
such as laminin-111 and type IV collagen) all increase engraft-
ment of cancer cells in mice (Del Buono et al., 1991; IwasakiDevelopmental Cell 18, June 15, 2010 ª2010 Elsevier Inc. 891
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nents support tumor engraftment remains to be elucidated.
One clue is that the percentage of cancer cells that express
stem cell markers increases when the cells are grown on type I
collagen (Kirkland, 2009). A supportive effect of ECM compo-
nents, such as type I collagen, might explain why cancer stem-
like cells are frequently enriched at the invasive front of tumors
(Hermann et al., 2007), where the highest levels of type I collagen
are found (Figure 1B). Interestingly, breast cancer cells with stem
cell-like characteristics express increased levels of type I, IV, and
XVIII collagens, suggesting that cancer cells may contribute to
the generation of their niche (Gupta et al., 2009).
In addition to or linked with their role in angiogenesis, endothe-
lial cells may have a direct role in forming tumor-promoting
niches: medulloblastoma cells that express stem cell markers
(CD133 and nestin) are preferentially located near capillaries,
and they adhere to endothelial cells in coculture experiments
(Calabrese et al., 2007). Furthermore, coinjecting the medullo-
blastoma cells with endothelial cells increases tumor growth
and the number of cancer cells that express stem cell markers,
whereas inhibition of angiogenesis has the opposite effect
(Calabrese et al., 2007).
Oxygen tension has been proposed as a regulator of stem cell
and cancer cell niches; however, with two opposing views: one is
that cancer stem-like cells are found close to capillaries (an
oxygen-rich environment), consistent with a role for endothelial
cells in defining the niche. The opposing view is that stem cells
prefer a hypoxic environment (reviewed in Iwasaki and Suda,
2009). Indeed, hypoxia is linked with poor prognosis and
increased risk of metastasis, and cancer cells in areas of areas
of hypoxia are often less differentiated (Erler et al., 2006).
Tumor-Restricting Microenvironments
Just as there are tumor-promoting microenvironments, or
niches, certain microenvironments can restrict tumor progres-
sion. Thus, molecules involved in maintaining normal tissue archi-
tecture and keeping cancer cells quiescent can be regarded as
tumor suppressors. A classical example of tumor repression by
the microenvironment is the ability of teratocarcinoma cells
without gross chromosomal abnormalities to contribute to
normal tissues when injected into blastocysts (Mintz and Illmen-
see, 1975). In contrast, teratocarcinoma cell lines that have chro-
mosomal abnormalities do generate tumors when injected into
blastocysts (Papaioannou et al., 1975). Thus, both the microenvi-
ronment and mutations in the cancer cells contribute to the
formation of tumors. Infection with Rous sarcoma virus, which
readily results in tumor formation in newborn chickens, does
not induce tumors in chick embryos unless combined with tissue
injury or TGF-b1, another example of the niche restricting tumor
initiation (Dolberg and Bissell, 1984; Dolberg et al., 1985; Sieweke
et al., 1990). Finally, morphologically normal epithelium with the
same gross chromosomal changes as adjacent breast carci-
nomas is found in about 25% of examined cases (Deng et al.,
1996). Though the authors do not rule out that the cancer cells
have acquired additional point mutations, this observation
suggests that the microenvironment in the areas with morpholog-
ically normal epithelium may keep the epithelium from developing
into carcinomas. In support of this conjecture, antibodies tob1 in-
tegrins normalize the malignant phenotype of breast cancer cells
in culture and in vivo (Weaver et al., 1997).892 Developmental Cell 18, June 15, 2010 ª2010 Elsevier Inc.In normal epithelial tissues, cells have cell-cell junctions and
form polarized sheets with asymmetric distribution of cellular
components to basal, lateral, and apical cell membranes. This
polarization plays an important role in controlling epithelial prolif-
eration, migration, adhesion, differentiation, and cell death
(O’Brien et al., 2002). Physiological conditions such as preg-
nancy-induced changes in the mammary gland and wound
healing increase the rate of cell proliferation, but overall tissue
organization and cellular polarization are usually maintained
(Muthuswamy, 2009). Nevertheless, though these conditions
typically do not result in tumor formation, they are associated
with an increased risk of cancer (Esther et al., 1999; Polyak,
2006).
Oncogenes and tumor suppressors can regulate or collabo-
rate with the loss of cell polarity. For example, the activation of
c-Myc does not transform or induce proliferation of quiescent
mammary acinar structures cultured in 3D matrices unless the
normal epithelial organization is disrupted either by changing
the ECM of the culture system or by silencing of the tumor
suppressor and cell polarity protein LKB1 (Partanen et al.,
2007). Indeed, Lkb1-deficient mice exhibit polarity defects in
the pancreatic epithelium before tumors are observed, suggest-
ing that polarity defects are important for tumor initiation (Hezel
and Bardeesy, 2008). Loss or mislocalization of another cell
polarity protein, Scribble, cooperates with c-Myc to transform
epithelial cells and induce tumors in mouse models by blocking
activation of apoptosis (Zhan et al., 2008). Human breast tumors
often downregulate and mislocalize Scribble (Zhan et al., 2008).
These findings suggest that the tissue architecture can be
a barrier for tumorigenesis and that organisms have mechanisms
in place that preserve the normal tissue structure and must be
overcome for the formation of tumors.
Metastasis-Promoting Microenvironments
Cancer cells from different types of tumors colonize specific
organs (Paget 1889, reprinted as Paget, 1989). This is not simply
because the cancer cells get trapped in the capillary network of
the first organ that they encounter after dissemination; for
example, prostate cancer almost exclusively metastasizes to
bone and not the lungs (reviewed in Nguyen et al., 2009). Organ
specificity of metastasis correlates with specific gene expres-
sion of the disseminating cancer cells (reviewed in Nguyen
et al., 2009), but may also reflect that microenvironments of
certain organs fit the requirements of specific cancer cells.
Indeed, circulating cancer cells are able to reinfiltrate and grow
in primary tumors, likely because a favorable microenvironment
is already established (Kim et al., 2009a).
There is also evidence that primary tumors set up the distant
microenvironment for colonization, primarily through recruitment
of bone marrow-derived cells to, and ECM remodeling at, the
distant site (Figure 2C). Intriguingly, factors secreted from
primary tumors may assemble niches for distant metastasis,
such that cancer cells with a restricted pattern of metastasis
can colonize additional tissues if host mice are pretreated with
conditioned medium from another, more globally metastasizing,
cell line (Kaplan et al., 2005). How these cancer niches are
selected is not known, but a few significant molecules that are
associated with these sites have been identified. Cancer cells
in the primary tumor secrete VEGF, which induces MMP9
expression in endothelial cells and macrophages in the lungs,
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2002). The primary tumor also controls the accumulation of the
ECM protein fibronectin at sites in the metastastic organ, and
this may promote homing of bone marrow-derived cells to the
organ (Kaplan et al., 2005). Versican V1, another ECM protein
at the metastatic site, binds to TLR2 on bone marrow-derived
myeloid cells, which then produce cytokines, including TNF-a,
that stimulate metastasis (Kim et al., 2009b). Lysyl oxidase
secreted from primary tumors under hypoxic conditions (Erler
et al., 2006) may crosslink collagen at the distant site, allowing
for better adherence of myeloid cells, which in turn use MMPs
to remodel the ECM of the metastatic site (Erler et al., 2009).
How specific tissues are targeted for metastatic colonization is
still a major question in the field. A plausible hypothesis is that
cancer cells may communicate with specific distant organs
through secreted molecules or microvesicles. Microvesicles
are shed by most cell types, including cancer cells, and can be
found in sera from cancer patients (Cocucci et al., 2009; Skog
et al., 2008). Because microvesicles can be taken up in a cell-
specific manner (reviewed in Cocucci et al., 2009) and contain
growth factors and receptors, functional mRNAs, and miRNAs
(Cocucci et al., 2009; Skog et al., 2008; Valadi et al., 2007),
they could help set up the metastatic site.
Plasticity of Cancer Cells
Cancer cells can acquire stromal or embryonic phenotypes,
allowing them to escape the primary tumor or to take on some
of the supportive functions of stromal cells. This phenomenon
creates therapeutic problems because cancer cells that mas-
querade as other cell types may be harder to target. To metasta-
size, cancer cells may exploit homing mechanisms normally
utilized by leukocytes or stem cells by expressing chemokine
receptors. The CXCR4 ligand, CXCL12 (SDF-1a), drives homing
of CXCR4-expressing cancer cells to tissues such as lungs, liver,
brain, and bone marrow (Hermann et al., 2007; Zlotnik, 2004).
Cancer cells also can utilize the CCR7 chemokine receptor,
which is normally responsible for homing of dendritic cells and
T cells to lymph nodes (Shields et al., 2007; Zlotnik, 2004). In
addition, they can acquire other properties of leukocytes, such
as the ability to phagocytose neighboring live cells (Lugini
et al., 2006). This property may allow cancer cells to survive
extreme hypoxic or acidic environments. One mechanism by
which tumor cells may diversify their properties is by fusion
with normal tissue cells (Lu and Kang, 2009).
‘‘Vascular mimicry’’ describes the ability of cancer cells to
form vessel-like structures (Hendrix et al., 2003). Although the
degree to which cancer cells resemble endothelial cells is debat-
able, there is agreement that cancer cells can directly line the
lumen of functional tumor blood vessels (Chang et al., 2000;
McDonald et al., 2000).
Epithelial-Mesenchymal Transition and Plasticity
Epithelial-derived cancer cells can acquire mesenchymal prop-
erties, such as loss of polarity, increased migratory and invasive
capacity, and resistance to apoptosis, by undergoing epithelial-
mesenchymal transition (EMT) (Kalluri and Weinberg, 2009;
Polyak and Weinberg, 2009). It is intriguing that stem cells also
express many of the same properties that are induced by EMT.
Thus, induction of EMT increases the number of cells with
stem cell-like traits (Mani et al., 2008). This suggests that EMTprovides cancer cells with plasticity to switch between stages
with more differentiated or less differentiated (and more stem
cell-like) traits.
Canonical TGF-b signaling is one of the main inducers of EMT,
acting through SMAD molecules and leading to activation of the
classical EMT-inducing transcription factors SNAI1, SNAI2, and
Twist (Thuault et al., 2006). Activation of receptor tyrosine
kinases, such as c-Met, can also mediate EMT. The downregu-
lation or loss of E-cadherin, the primary molecule responsible for
cell-cell adhesion of epithelial cells, is one overarching feature of
EMT (Polyak and Weinberg, 2009; Yang and Weinberg, 2008).
With the loss of E-cadherin, b-catenin is released from the cell
membrane and translocates to the nucleus, where it activates the
transcription factor lymphoid enhancer factor/T-cell factor (LEF/
TCF) and induces the expression of target genes that promote
motility and inhibit adhesion (Yang and Weinberg, 2008).
Induction of EMT is linked with metastasis. Yet metastatic
colonies are mostly of epithelial phenotype, suggesting that the
disseminated mesenchymal/stem cell-like cancer cells revert
back to a differentiated, epithelial cell-like state once they colo-
nize (reviewed in Polyak and Weinberg, 2009). One hypothesis
would be that the invasive and mesenchymal-like behavior is
transiently activated in the local microenvironment of the primary
tumor, for example by secretion of the metastasis and EMT
inducer TGF-b by stromal cells. Indeed, live imaging of breast
cancer cells expressing a TGF-b-dependent reporter gene
demonstrates that TGF-b signaling is activated in breast cancer
cells with a mesenchymal pattern of motility at the invasive
margins of primary tumors, but not in cells once they have
formed metastases in the lungs (Giampieri et al., 2009).
Induction of Plasticity by the Microenvironment
Because cancer cells can have a variety of different phenotypes,
this raises the question as to how the diversity arises. Classically,
it has been assumed that because cancer cells are genetically
unstable, different microenvironments may select for cells with
different genotypes. However, exposure to different stromal
components (e.g., growth factors and chemokines, adhesion
molecules, ECM components, oxygen levels, or metabolites)
may also change cancer cell gene expression. The microenvi-
ronments in areas of low oxygen/low pH and at the tumor-stroma
edge appear particularly capable of selecting for or inducing
cancer cells with more invasive properties (Hermann et al.,
2007; Polyak and Weinberg, 2009; Staller et al., 2003). For
example, in response to blockage of angiogenesis, cancer cells
invade along the existing blood vessels deep into the brain
parenchyma in a mouse model of glioblastoma (Du et al., 2008).
One potential mechanism of phenotypic plasticity in a geneti-
cally homogenous population is known from bacteria, which
can react as collective groups of cells, a phenomenon known
as quorum sensing. Concentrations of signaling molecules
released from the bacterial colony increase proportionately
with cell number. When they reach a threshold level, the bacteria
respond with a population-wide alteration in gene expression
and altered processes, which then involve bacterial escape
from the primary site, motility to and survival at new sites (re-
viewed in Hickson et al., 2009). Interestingly, cancer cells grown
at high confluency have increased metastatic ability compared
with cells grown at lower confluency (reviewed in Hickson
et al., 2009).Developmental Cell 18, June 15, 2010 ª2010 Elsevier Inc. 893
Figure 4. Systemic Changes Resulting from
Cancer
The interactions between the tumor and the rest of
the body are primary causes of cancer-related
morbidity and mortality.
(A and B) Malignant cells from the primary tumor
disseminate into circulation and colonize and
expand into vital organs such as the lungs and
brain.
(C) Tumor-secreted factors, such as TNF-a and
IFN-g, can disrupt the normal metabolic functions
of the liver and lead to cachexia, a wasting away of
body mass.
(D) The spleen has a major function in the
mounting of immune responses. During cancer
progression, myeloid-derived suppressor cells
(MDSCs) accumulate, contributing to spleno-
megaly and an impaired immune response with
increased susceptibility to infection.
(E) In the bone marrow, mobilization of bone
marrow-derived cells is increased. These cells
promote tumor progression by activating angio-
genesis and increasing invasiveness of cancer
cells.
(F) The primary tumors often activate procoagula-
tory factors and inhibit fibrinolytic factors, resulting
in thrombosis formation. Clotting of the vascula-
ture can be a sign of undiagnosed cancer, and is
a major complication of late-stage cancer.
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Just as normal developing organs, such as liver and kidneys,
have systemic consequences for the organism, so does the
tumor organ. The dramatic systemic effects of the tumor organ
are not limited to metastatic spread, but also include effects on
immunity, coagulation, and metabolism (Figure 4). Indeed, it is
these major systemic changes that cause the majority of cancer
deaths, rather than effects of the direct overgrowth of the primary894 Developmental Cell 18, June 15, 2010 ª2010 Elsevier Inc.tumor or even the metastases. For exam-
ple, cachexia, a syndrome of chronic
wasting with severe fatigue and weight
loss, due to loss of adipose tissue and
muscle mass, is induced by factors
secreted by tumors (Acharyya et al.,
2004; Skipworth et al., 2007) and may
account for nearly one-third of cancer
deaths (Acharyya et al., 2004 and refer-
ences therein).
Immune System Suppression
in Cancer Patients
Tumors severely suppress the immune
system, resulting in significant patient
mortality (Rolston and Bodey, 2006).
Infections are common with hematolog-
ical cancers, but patients with solid
tumors are also at increased risk of devel-
oping infections (Rolston and Bodey,
2006). The changes to the immune
system are rarely evident at the time of
diagnosis, but as tumors progress,
immune deficiencies develop and are
further amplified by chemotherapy (Had-
den, 2003). Tumor-induced increases inMDSCs may be a major factor in the global immune dysfunction
of cancer patients (Gabrilovich and Nagaraj, 2009), because the
percentage of MDSCs in the spleen increases from 2%–4% in
normal mice to 20%–40% in tumor-bearing mice. Similarly, a
10-fold increase in the number of MDSCs is observed in the
blood of human patients (Gabrilovich and Nagaraj, 2009). The
adaptive immune system is also affected by tumors: T cells are
functionally impaired and TRegs accumulate (reviewed in de
A B Figure 5. Tumor Tissue Organization
Influences Drug Response
(A) The overall architecture of the tumor has
a direct effect on the ability of a cancer drug to
penetrate the tissue and reach the cancer cells.
Abnormal leakage from blood vessels, together
with insufficient lymphatic drainage, especially
from the middle of tumors, contribute to increased
interstitial pressure in the tumor tissue that inhibits
penetration of drugs into the deeper areas of the
tumors. Cancer drug penetration is also limited
by their binding to ECM proteins, such as collagen,
or their uptake by stromal cells, such as macro-
phages. Cancer cells furthest away from the blood
vessel not only are exposed to the lowest drug
concentrations, but also receive the lowest
amounts of nutrients and oxygen from the circula-
tion and therefore have the lowest proliferative
index. As many cancer cell drugs preferentially
target actively proliferating cells, this effect
contributes to the inability of drugs to target cells in hypoxic areas. Cancer cells further from the blood vessel are also exposed to a low pH microenvironment
where many cytotoxic drugs become inactive. Thus, the organization of the tumor tissue results in limited drug availability and efficacy in the hypoxic areas of
tumors, areas speculated to contain some of the most aggressive cancer cells. The changing microenvironment in different parts of the tumors therefore results in
an apparent difference in drug sensitivity (indicated by the changing color of the cancer cells).
(B) Distribution of the chemotherapeutic drug doxorubicin in vivo. Section from a mouse mammary tumor showing the distribution of doxorubicin (blue) in relation
to tumor blood vessels (red) and regions of hypoxia (green). Note that doxorubicin is found only in close proximity to tumor blood vessels. (Scale bar: 100 mm.)
Reprinted with permission from Primeau et al. (2005).
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diminished ability to produce antibodies to foreign antigens
and are unable to reject allogeneic tumors (Danna et al., 2004).
Altered Coagulation in Cancer: A Link with Angiogenesis
and Metastasis
Up to 50% of all cancer patients and 90% of those with metastatic
disease have coagulation abnormalities (De Cicco, 2004). As
a result, thromboembolism is estimated to be the second most
common cause of cancer-related death (Caine et al., 2002). The
prothrombotic state in cancer patients originates from the highly
abnormal hemodynamic system in tumors with direct interac-
tions between cancer cells and endothelial cells, platelets, or
monocytes. There is also an imbalance in procoagulatory and
fibrinolytic (anticoagulatory) factors induced by the tumor. Endo-
thelial cells, macrophages, and cancer cells in tumors express
tissue factor and cancer procoagulant, which activates the coag-
ulation cascade (Caine et al., 2002; De Cicco, 2004; Rickles and
Falanga, 2001). Cancer-induced changes in the coagulation
system are linked to tumor angiogenesis. For example, VEGF
stimulates angiogenesis as well as secretion of tissue factor.
The increased procoagulant activity in tumors is also associ-
ated with increased risk of metastasis (Hejna et al., 1999). In
mouse models, inhibitors of coagulation can inhibit metastasis,
whereas platelet activation and release of fibrin enhance hema-
togenous metastasis (Camerer et al., 2004; Hejna et al., 1999;
Nieswandt et al., 1999; Palumbo et al., 2000 and references
therein). Platelet activation and fibrin formation promote the
incorporation of cancer cells into minithrombi that protect the
cancer cells from physical shear and attack from immune cells
while they are in the bloodstream. The activated platelets may
also physically bridge the cancer cells to the vessel wall, thereby
facilitating extravasation at a secondary site. Coagulation also
affects the endothelial cells, which respond by displaying adhe-
sion molecules that may help cancer cells adhere to the vessel
wall (Camerer et al., 2004; Hejna et al., 1999). Finally, microve-
sicles, which could be involved in setting up the metastatic sites,
are mediators of coagulation: upon exposure to collagen, plate-lets shed microvesicles, which provide a membrane surface for
the assembly of procoagulant enzyme complexes (reviewed in
Cocucci et al., 2009).
Organization of the Tumor Tissue May Influence Drug
Response
Mutations in cancer cells can result in anticancer drug resis-
tance. However, the microenvironment can also confer drug
resistance by, for example, regulating drug distribution or by
providing signals that lead to protection of the cancer cells
against cell death. Understanding how the tumor tissue influ-
ences therapy responses may be critical for achieving better
patient survival.
Tissue Organization Influences Drug Distribution
The abnormal organization of the tumor tissue affects the ability
of anticancer drugs to reach the cancer cells (Minchinton and
Tannock, 2006). In normal tissues, cells are within a few cell
diameters of a blood capillary, enabling efficient drug delivery.
However, when cancer cells proliferate faster than the cells
that form capillaries, the resulting increase in distance from
blood vessels impairs drug delivery.
Drugs penetrate tissues with a net flow of fluid from blood
vessels balanced by resorption into lymphatics. The tumor
vasculature is often poorly organized with leaky vasculature
and sparse or absent lymphatics. This leads to increased inter-
stitial fluid pressure, thereby inhibiting drug distribution. The
rate of diffusion through the tumor tissue is also affected by
the properties of drugs (e.g., molecular weight, shape, charge,
and solubility), by uptake in cancer or stromal cells, and by
binding to the ECM (Figure 5A) (Minchinton and Tannock,
2006). For example, type I collagen influences the distribution
of antibodies and chemotherapeutic drugs (Loeffler et al.,
2006). Although many drugs are of low molecular weight, they
still may bind to plasma proteins such as albumin, rendering
them high molecular weight for practical purposes.
Doxorubicin is a classical chemotherapeutic drug with limited
distribution in solid tumors due to binding to DNA andDevelopmental Cell 18, June 15, 2010 ª2010 Elsevier Inc. 895
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meau et al., 2005). The efficacy of doxorubicin, despite its poor
penetration, may result from the practice that it is given in cycles,
and therefore it may kill and remove consecutively deeper layers
of cells. Alternatively, it may target the cancer cells with regener-
ative potential, which have been speculated to lie close to blood
vessels (Calabrese et al., 2007).
Microenvironments That Protect Against Therapy
Cancer cells in hypoxic areas of tumors are often refractory to
therapy. These cells are furthest from the blood vessels and
are exposed to the lowest drug concentrations. Furthermore,
whereas cytotoxic drugs specifically target proliferating cells,
cancer cells in hypoxic areas show lower proliferation as they
are exposed to low concentrations of oxygen and nutrients
(reviewed in Minchinton and Tannock, 2006). Several chemo-
therapeutic drugs are also less active in the acidic microenviron-
ment associated with hypoxia (reviewed in Hockel and Vaupel,
2001; Minchinton and Tannock, 2006). Finally, hypoxia may
produce resistance to chemotherapeutic drugs through gene
expression, such as HIF-1a-mediated upregulation of antiapop-
totic proteins (e.g., Bcl-xL and heat shock proteins) or the
multidrug resistance gene product P-glycoprotein (MDR1; Baird
et al., 2006; Chen et al., 2009; Comerford et al., 2002). Hypoxia is
a special problem for radiation therapy because radiation-
induced DNA damage occurs through the formation of oxygen
free radicals (Hockel and Vaupel, 2001). The bone marrow micro-
environment also protects cancer cells from cytotoxic drugs,
likely through production of IL-6 and activation of Notch and
integrin signaling (reviewed in Meads et al., 2008). Stimulation
of integrins by ECM proteins can also reduce drug sensitivity
in other microenvironments: cell adhesion to fibronectin and
collagen through the integrin VLA-4 mediates resistance to eto-
poside in small-cell lung cancer (reviewed in Meads et al., 2008).
Targeting of the Microenvironment for Better Drug
Responses
Chemoresistance may be overcome by targeting the stroma.
Anticancer drugs reach tumors through the circulation, and
one might therefore expect that inhibiting angiogenesis in tumors
would decrease the effectiveness of chemotherapy. Instead,
angiogenesis inhibitors can enhance the effects of chemo-
therapy. Data from mouse models of cancer suggest that this
is due to normalization rather than destruction of the tumor
vasculature. Normalization improves blood flow and reduces
interstitial fluid pressure, thereby improving drug delivery (Tong
et al., 2004). Increased vascular permeability of tumor vascula-
ture can also be exploited by formulation of drugs, e.g., doxoru-
bicin, into liposomes that preferentially leak into tissues with
increased vascular permeability (Brown and Giaccia, 1998).
Increased chemotherapeutic drug penetration can be
achieved by vaccinating mice against fibroblast-activating pro-
tein, a proteinase expressed by CAFs. As a result, the CAFs
are killed, reducing the amount of type I collagen and improv-
ing drug delivery (Loeffler et al., 2006). Similarly, inhibition of
Hedgehog signaling in a mouse model of pancreatic ductal
adenocarcinoma leads to depletion of tumor-associated stroma,
increased vascular density, and increased delivery and efficacy
of gemcitabine (Olive et al., 2009).
Direct targets in the tumor microenvironment that have been
or are being tested in clinical trials include the ECM, endothelial896 Developmental Cell 18, June 15, 2010 ª2010 Elsevier Inc.cells and pericytes, fibroblasts, and innate immune cells
(reviewed in Joyce, 2005). Furthermore, anticancer drugs that
exploit the abnormal microenvironment are under development,
including prodrugs that are reduced under hypoxic conditions to
active, cytotoxic forms (Brown and Giaccia, 1998; Minchinton
and Tannock, 2006). Another approach is the targeting of the
tumor-stroma communication through, for example, inhibition
of the PDGF-FGF communication loops between epithelial cells,
CAFs, and pericytes (Pietras et al., 2008).
Conclusion and Future Perspectives
Cancer cells and stromal components are organized into tissues,
which in turn are organized into tumor organs that interact with
the whole organismal system. Tumors may appear chaotic, but
patterns are emerging for how ECM architecture, angiogenesis,
and inflammatory responses change with tumor progression.
Many of the mechanisms responsible for the organization of
tumors are unknown, but several processes employed during
development (e.g., epithelial invasion; Wiseman and Werb,
2002) and during tissue remodeling (e.g., recruitment of bone
marrow-derived cells; Pollard, 2009) are utilized. The communi-
cations between the many different components of the tumor
organ are very complex and often involve more than two cell
types. Thus, mathematical modeling may facilitate the prediction
of malignant behavior based on knowledge of the tissue context
(Anderson et al., 2006; Shields et al., 2007; Smallbone et al.,
2007).
The importance of tissue organization in metastases is also
emerging. ECM components (e.g., fibronectin and versican
V1), inflammatory cells, and bone marrow-derived vascular cells
contribute critically to the initiation, establishment, and growth of
metastases. Interestingly, the recruitment and organization of
one component is often critical for the organization of the
components that follow. These findings raise the question of
whether cancer cells have similar requirements for the organiza-
tion of the distant environment as they do in the primary tumor.
Within the tumor organ there are microenvironments that
confer promoting or inhibiting effects on cancer cells (e.g., areas
of hypoxia). To address fully how such microenvironments influ-
ence the phenotype of cells, better markers are needed to allow
for differentiation between subpopulations of cancer cells,
including those with stem cell-like characteristics. Such markers
may also facilitate studies to determine whether differences in,
for example, tumorigenic potential or therapeutic responses
between subpopulations of cancer cells reflect genetic, epige-
netic, or environmental differences. When coupled with appro-
priate markers, live imaging techniques may be used to track
cancer cell fates over time in situ and allow for studies of how
cancer cells interact with their microenvironment (e.g., Calabr-
ese et al., 2007; Egeblad et al., 2008; Giampieri et al., 2009).
Finally, in vivo tracking might be able to answer the question of
whether carcinoma cells originate from epithelial stem cells or
from differentiated cells that later acquire more stem cell-like
characteristics.
The tumor-associated stromal cells (e.g., macrophages and
fibroblasts) are different from their counterparts in the normal
tissue. A major question is whether these differences occur
because of altered gene expression induced by the microenvi-
ronment or if some changes are caused by mutations (Polyak
Developmental Cell
Reviewet al., 2009). The origin of most tumor-associated stromal cells is
also unclear: Do they originate from expansion of cells that orig-
inally were present in the tissue? Are they recruited from the
bone marrow? Do they originate from mesenchymal stem cells
present within the tissue? Or have they transdifferentiated from
the cancer cells?
Two of five individuals will get cancer in their lifetime, and one
of five will succumb to the disease (Horner et al., 2009). We are
learning that the context of the cancer cells plays a role in tumor
initiation and progression, and ultimately in patient prognosis
and treatment. An important aspect of tumor biology is therefore
to understand the tumors, not just as clonal monocultures of
cancer cells but as deranged organs acting in the context of an
organism. To determine how these interactions work is compli-
cated and requires both advanced animal models, coculturing
models, and careful analysis of patient material. What we have
learned so far is that tumors hijack programs that are part of
normal tissue development, repair, and regeneration, but use
these programs in a deregulated manner. Why cancers form
these abnormal organs remains a mystery. Hopefully, the further
study of how cancer cells interact with and build the tumor organ
will lead to the development of treatments that are both more
effective and less toxic.SUPPLEMENTAL INFORMATION
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